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PREFACE

The 1985 JSC NASA/ASEE Summer Faculty Fellowship Research Program was
conducted by Texas A&M University and the Johnson Space Center. The ten
week program was operated under the auspices of the American Society for
Engineering Education (ASEE). The program at JSC, as well as those at
other NASA Centers, was funded by the Office of University Affairs, NASA
Headquarters, Washington, D.C. The objectives of the programs, which began
in 1965 at JSC and in 1964 nationally, are:

a. To further the professional knowledge of qualified engineering and
science faculty members;

b. To stimulate an exchange of ideas between participants and NASA;

c. To enrich and refresh the research and teaching activities of
participants' institutions; and,

d. To contribute to the research objectives of the NASA Centers.

The faculty fellows spent ten weeks at JSC engaged in a research project
commensurate with their interests and background and worked in collab-
oration with a NASA/JSC Colleague. This document is a compilation of the
final reports on their research during the summer of 1985. Texas A&M
Research Foundation Report No. 4194-85 is the Co-Directors' report on the
administrative operations of the Summer Faculty Fellowship Program.
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MOSSBAUER SPECTROSCOPY OF EXTRATERRESTRIAL MATERIALS

David G. Agresti, Ph. D. / & g/ =
Associate Professor of Physics
University of Alabama at Birmingham
Birmingham, AL 35294

ABSTRACT

Mossbauer Spectroscopy (MS) has recently been added to the
tools used by Dr. Richard Morris of the Experimental Planetology
Branch of the Solar System Exploration Division at Johnson Space
Flight Center in his research on synthetic and natural analogues
of lunar and Martian soils. During this summer's stay at JSC I
have adépted for use on an IBM-PC microcomputer a least-squares
fitting program for MS data written originally for an IBM 360
mainframe computer. The adapted program'has been applied to the
analysis of MS spectra obtained from several samples of Antarctic
soil under investigation at JSC as analogs to soil of the Martian
regolith. Preliminary conclusions have been drawn from the MS
data about the composition of the Antarctic samples. Inferencés
from optical spectra obtained for these same samples have been
compared with the MS results. The principal achievement for this
summer's effort is the establishment of the basis for continued

collaboration between myself and Dr. Morris when I return to UAB.

NASA Colleague: Richard V. Morris, Ph. D., SN4, X5874
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INTRODUCTION

Mossbauer Spectroscopy (MS) is a research tool in which x‘-
rays from a source containing a particular radionuclide are
allowed to pass through an absorber containing like nuclides. By
moving the source with respect to the absorber, the X\—ray energy
(usually expressed in velocity units, mm/s) is varied over a
small range, and one obtains an absorption spectrum that is
characteristic of the material in the absorber. The spectral
data are typically collected as J*—ray counts into several
hundred channels in a multi-channel analyzer, each of which
corresponds to a particular Jy-ray energy. Reduction in codhts
with respect to a certain "background level"™ [Fig. 1] is evidence
of resonant absorption and provides information about the nature
of the material in the absorber.

The particular radionuclide used in tﬁis study is Co-57,
which decays to the stable Fe-57, which has a natural abundance
of approx. 2%. Martian soil is approx. 18% iron by weight [Clark
et al., 1982], and this isotope yields reasonably well-resolved
spectra, uniquely charactistic of the sample studied. Because of
the penetrating radiation involved (14.4 kev for Co-57), MS
probes the interior of samples under study, and thus serves as a
good complement to the more frequently used technique of optical

spectroscopy, which is sensitive to surface and near-surface

atoms.
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As méntioned above, each spectrum consists of several
hundred values (512 for the present work) representing I —ray
transmission versus velocity. The typical theoretical model for
a Mossbauer spectrum consists of a sum of Lorentzian-shaped
curves oriented downward from the background level, with a group
of six of these forming the spectrum of a pure magnetic material
and a pair forming the spectrum of a pure non-magnetic material
[Fig. 1] -- magnetic hyperfine sextet and electric quadrupole
doublet, resp. (See, for example, Greenwood and Gibb, 1971, for
further discussion.) The spectra of many natural samples are
more complex than these simple models and usually consist of a
superposition of quadrupole pairs and magnetic sextets.

In analyzing the data obtained from such natural samples,
one typically is forced to resort to a computing procedure by
which the parameters of an a priori theoretical model are
adjusted by some particular convergence criterion to provide the
best match of the theoretical with the observed spectrum. I have
co—authored and subsequently modified one such fitting procedure,
which employs the method of linearized least squares by Taylor's
approximation [Agresti et al., 1969; Bent et al., 1969; Agresti
et al., 1974]. This program was originally written in Fortran IV
for the CalTech IBM 366 and later adapted for the University of
Alabama in Birmingham PRIME 758, both "mainframe" computers. My
principal assignment this summer was to adapt the program for a
microcomputer environment, namely the IBM-PC in use in the

laboratory of my NASA colleaque, Dr. Richard V. Morris.
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As a'¢onsequence of my stay at NASA-JSC, I have begun a
collaboration with Dr. Morris in the investigation of samples
obtained from the Dry Valleys of Antarctica, a cold desert region
whose weathering processes and soil development are believed to
be analogous to those of the Martian regolith [Gibson et al.,
1983]. MS spectra have been obtained for three samples to date
[Fig. 2], Wv485 from Wright valley, and DJ268 and DJ-Castle Rock
from Don Juan Pond [labeling, Gibson, private communication].
The spectra are non-magnetic and are assumed to consist of a
superposition of quadrupole pairs, representing the several
component minerals present in the sample.

The least-squares fitting procedure, as modified for the
IBM-PC, has been employed in a preliminary analysis of the MS
spectra of the three Antarctic samples. The parameters obtained
have been compared with those of MS spectra of standard pure
minerals to give a preliminary indication 6f the nature of the
iron-containing phases in the samples. For two of the samples
the conclusions drawn are generally supported by optical spectra
(356-22ﬁ0nm) obtained with a Cary-14 on these same materials.

The other sample is uniformly dark and no comparison could be

made .




RESULTS AND DISCUSSION

Mossbauer spectra were obtained and analyzed for three
Antarctic soils [Fig. 2] and three reference minerals that may
be present in the soils [Fig.l]. Unlike the spectra of the
reference minerals, the spectra of the Antarctic soils are poorly
resolved, and, while the relative magnitudes vary, all show three
rather broad peaks, one at zero, one around 6.7 mm/s, and one
around 2 mm/s. In order to find the theoretical model for the
spectra most indicative of the composition of such non-magnetic
samples of mixed mineralogy, one generally assumes a
superposition of quadrupole pairs, one for each nonequivalent
atomic site. The results of a fit with just two atomic sites are

shown in Table 1, which displays best estimates from the fit for

Sample Qs CIS fraction (%)

San Carlos olivine 2.998 (1) 1.147 (1)

Bamble enstatite 2.135 (1) 1.156 (1)

Hull diopside 1.928 (2) 1.183 (1)

DJ-208 2.127 (4) 1.165 (2) 82 (1)
.99 (3) .32 (1) 18 (1)

DJ-Castle Rock 2.646 (6) 1.652 (6) 78 (2)
E.Qﬂ (3) .35 (2) 22 (2)

WV-485 2.233 (2) 1.122 (1) 37 (2)
0.812 (2) 0.197 (1) 63 (2)

Table 1. Fitted Mossbauer spectral parameters.
Symbols are explained in the text. Fitted statistical
errors in last displayed digit are shown in parentheses.
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the valueé_of three parameters: quadrupole splitting (QS);
chemical isomer shift (CIS); and for the Antarctic samples, the
fraction of the spectrum in each quadrupole pair, which is
proportional to the relative amount of the corresponding mineral
in the sample. QS is the distance between the two peaks of a
pair in mm/s, while CIS, also in mm/s, is the position midway
between the two peaks. Both parameters are characteristic of a
particular mineral and are related to the local crystalline
asymmetry at the Mossbauer atom and its chemical charge state
(for iron, 2+ or 3+) [Greenwood and Gibb, 1971].

Al though the features of the spectra are too broad to be
properly fit with just two atomic sites, we may nevertheless draw
some preliminary conclusions from the results presented in the
Table 1. The spectra of each Antarctic sample contains a
component, in varying proportions, with nearly the same QS and
CIS as the Bamble enstatite, an orthopyroxéne, or the Hull
diopside, a clinopyroxene. Although this is not sufficient to
state with certainty that these samples are largely pyroxene, it
is unlikely that any of the samples contains olivine in any
significant amount. The values of QS and CIS are in the range
indicative of iron in the 2+ valence state, while the other
component has QS and CIS in the proper range for 3+ valence. Thus
it is likely that the spectral fractions listed in Table 1 also
represent valence fractions; that is, iron is roughly 80%
divalent and 20% trivalent in the samples from Don Juan Pond,
while for the Wright valley sample, iron is only 37% divalent

and roughly 63% trivalent. -




In addition to the two-site fit of Table 1, a large number
of additional fits were tried with more sites and a variety of
parameter constraints in an attempt to find a more suitable basis
for determining the composition of these samples. None was
successful. The difficulty lies in the nature of the spectra.
Reasonable choices for component quadrupole doublets will either
put one peak around zero velocity and the other around 2mm/s (2+
valence) or put one around zero and the other at 6.7 (3+
valence). Thus the peak at zero is the sum of a number of
overlapping peaks, and the parameters associated with the
component site strengths, widths, as well as each QS and CIS are
so strongly coupled that the fit does not converge to a minimum.
' The difficulty faced in analyzing the éamples of this study
is likely to be present in future Antarctic soil studies and must
be dealt with. In an analysis of shifts induced in NMR spectra
of macromolecules by trivalent lanthanide ions [Agresti et al.,
19771, 1 faced a similar problem, where the parameters defining
the position of the paramagnetic ion and its magnetic
susceptibility tensor were so strongly coupled that a linearizgd
least-squares fitting procedure such as that used in this study
(Bent et al., 1969] did not converge to a minimum. The solution
was to use a Marquardt search technique [Marquardt, 1963], which
combines a steepest descent routine with a first-order Taylor's
approximation. This method provides convergence even for
arbitrary initial parameter estimates (steepest descent feature)
as well as error estimates for the parameter values obtained at
the best fit‘convergence (Taylor's approximation). I propose to

add this feature to the fitting program used in this study.
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Mossbauer spectra of three reference minerals
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Design Criteria for Expert Systems .
by
Robert Allen, P.E.
Assistant Professor of Mechanical Engineering - -
University of Houston - University Park /¥ E /3
Houston, Texas

Knowledge based expert systems are applicable to a wide range of
engineering problems ranging from formation to derivation. At the
formation end of the spectrum, design, planning and prediction have been
identified as generic tasks with similar issues that are dealt with by
experts, and need to be formalized for successful expert system
implementation. At the derivation end, diagnosis, interpretation and
monitoring have been identified as generic tasks with similar subproblems
with which experts must cope. At the implementation level, four levels of
programming have been identified: logic programming, production system
programming, object oriented programming and hybrid programming. The
following tentative guidelines are offered to aid an expert system
architect in developing a system as efficiently and effectively as possible:

e Define the expert domain and the eventual environment of the
implementation.

Ensure that the domain is well defined and there is a wealth of
information and, more importantly, expertise.

Start at the highest programming level possible.

For derivation type problems, rule based systems (or hybrid rule
based systems) offer a number of advantages.

® For diagnosis, the EMYCIN model is adaptable.

e For formation problems, object oriented code (or hybrid object-
oriented systems) offer some distinct advantages.

Production systems offer a number of advantages to both
formation and derivation problems including modularity and port-
ability.

NASA Colleague: Robert T. Savely, FM7, X4751
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Introduction

Knowledge based expert systems' (KBES) are a new technology
stemming out of artificial intelligence (Al) that have received phenomenal
notoriety for computer-aided problem solving. In science and engineering
alone, expert systems have been used for such generic tasks as design,
diagnosis, interpretation, monitoring, planning and prediction in well over
100 applications [Sriram84]. In addition to this, the expert systems
development market has burgeoned with both specialized hardware (e.g.,
Symbolics and Lambda computers) and software (e.g., OPSS, KEE, and ART).
As a result, there currently exist numerous methods for achieving expert
system design and impiementation. This report attempts to identify
certain aspects of the problem and an implementation methodology that
will make expert system development less time consuming and more cost
effective than it has been in the past. Specifically, this report addresses

the following two issues: -

® What are some domain characteristics that uniquely define it in
terms of expert system formalization?

o What are some of the key characteristics of Al software that make
such implementation tools desirable?

This report is by no means complete. As the expert systems develop-
ment tools improve, the types of problems to be tackled by expert sys-
tems will become broader and more complex. Nevertheless, problems need
to be solved and heuristics for expert system design and implementation

should make that task less time consuming and more cost effective.

The phrase knowledge based expert system” or “expert system" has numerous definitions. A
working definition for this paper claims that KBES are interactive. problem solving computer programs
incorporating judgment, experience, rules of thumb and other expertise to provide knowledgeable
advice about a variety of tasks. They must have a separated knowiedge base and reasoning mechanism
(usually called the inference engine) in their implementation. The phrase could easily be “reason based

expert system.” However, it is virtually assured that all experts are knowledgeable; not ail are
reasonable!




Characterization of Expert Tasks

The type of expert tasks that are applicable to KBES implementation
include design, diagnosis, interpretation, monitoring, planning, and
prediction. Design, planning and prediction are at the formation end of the
problem classification spectrum; these problems create higher level
objects from integrating lower level classes of objects.  Diagnosis,
interpretation and monitoring are aer/vation type problems; they reason
about and interpret data to draw conclusions and suggest possible
solutions. Each of these problem dornains is partially decomposed in an
attempt to isolate its particular characteristics, i.e., to help understand

expert reasoning in a specific domain.

Diagnosis

Diagnosis is the process of fault-finding in a system. The most
noted example is MYCIN, a backward chaining expert system that, given
symptoms and patient history, is able to diagnose over 100 infectious
diseases, [Shortliffe76]. Engineering examples include such fault finding
systems as FIXER, a monitoring and diagnostic tool for a life support
system [Malin85), and as DELTA, a diagnostic aid for maintenance
engineers working on diesel electrical locomotives [Bonissone83). The
common expertise for these systems include finding consistent, correct
and /ncorrect interpretations of the data and  understanding the

interactions between subsystems. The key issues with diagnostic systems

are:
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e Data may be partial, contradictory or unreliable.

e Multiple faults may mask or create symptoms not usually consid-
ered by experts.

e Equipment may be faulty, test results may be incorrect, etc.

e Some data about a system may be inaccessible or hazardous to re-
trieve.

Design

Design is the creation of a system or object satisfying given
specifications. One prominent expert system in design is XCON (originally
named R1) [McDermott82], a system that configures computers using 3
partial solution scheme. XCON is one of the few commercially successful
expert systems. Requirements for designing systems include goal
satisfaction without resource consumption or constraint violation.
Priorities need to be established for conflicting goals. Designers aiso
need to be flexible as requirements may change with time and unforeseen
changes during the design process are inevitable. -Some key issues with
designing expert systems that désign are:

e The overall consequences of design decisions cannot be predicted
until the design has progressed considerably.

e Creating a hierarchy of sub-problems is often a necessity.
o Design constraints come from a host of sources.

® Redesign is inevitable and the impact of design changes can only be
seen from a broad perspective.

e Spatial relationships are a necessary parameter for designers; they
are not easily approximated symbolically or qualitatively.




Interpretation

Interpretation is the analysis of data to determine their meaning. A
noted expert system of the interpretive type is DENDRAL [Buchanan78], a -
system capable of mimicking chemists' expertise. The requirements for
interpretation are the same as for diagnosis, i.e., the skill is in finding
consistent, correct interpretations of the data and without discarding
possible candidates until there is enough evidence to rule them out. Issues
associated with interpretation are the same as diagnosis with one
addition. Typically the pattern recognition schemes associated with
interpretation are longer and more complicated than those associated

with diagnosis.

Monitoring

Monitoring means to continuously or intermittently interpret signals
and to set off alarms when intervention is required (usually in a real time
environment). One recent system is AAMS [Haran8S], an intermittent
acoustic monitor to flag defective railroad wheels /7 s/tu  Another
monitoring system is NAVEX, a flight controller’s assistant for flagging
unusual conditions during ascent and descent of NASA's shuttle missions
[Culbert8S]. In addition to interpretation and partial diagnosis, a
monitoring system must cope with variable alarm situations and be able to
spot false alarms. The principal issue with monitoring systems is that an
alarm condition is often context dependent and, for this reason, monitoring

systems need to vary signal expectations with time and situation.




Planning

Planning is the creation of a program of actions to achieve a set of
goals. The first planning expert system was MOLGEN [Stefik81}], a system
to plan experiments in molecular genetics. More recent examples include
EXEPS [Heath85S], a system that schedules electrical power system
activity blocks for NASA spacecraft, and ESFAS [Culbert8S], a system to
aid in NASA's flight design. The requirements and issues for planning are
similar to those for design, with the addition that planning problems may

have a scheduling requirement.

Prediction
Prediction is the forecasting of the future from a model of the past

and present. Prediction requires reasoning about time and event sequences.

The issues facing prediction systems are:
e Predictive theory is often contingent on events in the future.
3 Diverse sources of information abound.

. Muitiple futures are always possible; they should be priority listed.

Several charjacteristics appear repeatedly across this small
spectrum of applicable expert tasks. At the formation end, Iargé solution
spaces and tentative reasoning are important organizational parameters.
In planning and design, for example, the number of possible solutions is
astronomical compared with the number of reasonable solutions. At the
derivation end, tentative reasoning, time varying data ahd noisy data are
principal parameters. Re-analyzing the effect of either unwarranted
assumptions or infeasible plans or designs is an important requirement for
any successful expert system.
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Chafacterization of Software Tools

The purposes of this section are to identify the categories of lang-
uages that are applicable to expert system development2 and to discuss
some of the advantages and disadvantages of these implementation tools.

The keys for development of any expert system are representation amc
control of knowledge. Artificial intelligence researchers have provided a
number of usable tools with which to accomplish this goal. The major

categories (with some specific languages) are:

e Logic programming (LISP3, PROLOG, DUCK),

® Production system programming (OPSS, EXPERT),

o Object oriented programming (SMALLTALK, FLAVORS), and
e Hybrid language programming (ART, KEE, LOOPS).

Logic programming languages are the oldest of the language types
(LISP was developed in the late 1950's) and the form the basis of higher
level Al languages (OPSS is written in LISP and BLISS). While excellent
for nonprocedural, symbolic processing, logic programming languages are
the lowest level of Al languages and require the most development time
for implementation because desirable characteristics such as the user
interface, inheritance and method of reasoning need to be coded. Neverthe-
less it appears that LISP, in the United States, and PROLOG, in Europe and

Japan, will remain the stepping stones for higher level langauges (PROLOG

2 Expert systems can be built in virtually any progrsmming language. In fact, a successful production
system named EXPERT {Weiss79], developed at Rutgers University, has been implemented in FORTRAN.
However, expert systems require symbolic manipulation and context dependent control. Using a
sequential language for that purpose is limited in that extensions or modifications to a system would be
difficuit, at best, to perform. A reasonable comparison to expert system development in FORTRAN is
algorithmic programming in ASSEMBLY: better tools exist to do the job.

3in a strict sense, LISP is a procedural language rather than a logic programming language. Its great
flexibility, howaver, allows it Lo be compared with iogic programming ianguages such as PROLOG.
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will be the implementation 1anguage of Japan's fifth generation computer
project). As a result, knowledge of these languages is extremely useful in
attempting to make use of the more powerful programming languages.

One of the main distinctions between production rule systems and
procedural or applicative languages is that a rule, or a "chunk” of know-
ledge, in a production system is a dalg sensitive and unordered unit of
computation rather than a sequenced instruction [Brownston85). Knowledge
engineers often extract information from experts in terms of
situation-action pairs. Hence, production-rule systems, that provide a
natural accumulation of symbolic IF-THEN statements, are especially
applicable for encoding knowledge. Production systems, especially OPSS,
offer some additiona! advantages. These include modularity, modifiability,
explainability, simplicity of control, and the ability to learn.
Disadvantages include: opaque behavior (difficulty in locélizing and
debugging), lirﬁited communication between control and knowledge
(leading to possibly undesirable interaction among rules), limited
expressibilty and speed (most production sYstems are, an order of
magnitude or more, slower than 'pfocedural programs). .

Object-oriented languages, such as SMALLTALK [Goldberg83], provide
an ease of representation of a variety of closely related objects. This is
accomplished through inheritance (properties are inherited from a higher
hierarchichal class to a lower one) and message passing (automated
transfer of information between objects and classes of objects). The
advantages of an object-oriented implementation are: ease in spatial des-
cription, transparent behavior, and modularity. A distinct advantage of
FLAVORS, for example, is having the ability to develop a hybrid
environment unigue to the needs of a given domain. The principal disadvan-
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tages".of these systems are that building hybrid environments need
development time and object-oriented approaches are slower than rule
based systems [Savely85).

Hybrid systems are the highest level languages currently available.
Examples include KEE, ART and LOOPS. These are sophisticated Al hybrid
environments that combine many of the advantageous characteristics of
lower level languages. These include frame based knowledge
representation, rule based reasoning, LISP extensibility, interactive
graphics, powerful debugging aids, and excellent editors. The price for
this excellent development environment is often dedicated Al hardware
(such as Symbolics or Lambda machines) and high initial costs
(approaching $100,000). Differences between hybrid systems are many
and beyond the scope of this paper; interested readers should find the
paper by Richter useful [Richter8S) .

Guidelines

Problem domains and implementation tools have been identif ied and
discussed. Based on these observations, thefoltowing guidelines are
offered for designing and implementing expert systems effectively and
efficiently:

® If aproblem is similar to one that has already been solved and

implemented, use as much of the existing shell as possible. The

premier example is EMYCIN, a backward chaining, diagnostic
system with probabilistic capabilities.

® To the extent possible, define the domain of expertise and the
eventual environment of implementation.

e Start at the highest possible programming language. If hybrid sys-
tems are available, they will surely lead to an efficient
development time.

¢ For derivation type problems, rule based systems, or hybrid
systems with a rule based slant, are a natural selection (since

A Anmiles Ao 2Ly

cause and effect relationships are easily expressibie as ruies).
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e .For formation type problems, object oriented systems, or hybrid
systems with an object-oriented slant, appear more natural than
rule based systems. The reason for this is that formation problems
often have fewer easily expressible rules and are more easily
thought of in terms of goals and subgoals (which are represented as
objects).

e Production system approaches offer several advantages to both
formation and derivation type problems. Included are express-
ibility of rules, modularity, modifiability, explainability, ease of
learning and portability. However, drawbacks include obscure
control, opaque behavior with respect to control strategies and
localized debugging, and speed.

These tentative guidelines are offered based on the experience of
expert system architects and current technology. Implementing systems
with different approaches is certainly feasible and, in fact, is being
performed. It is hoped that future endeavors, will modify and improve
these general guidelines with the ultimate goal of making effective and

efficient development of expert systems possible.
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ABSTRACT

The role that automation, robotics, and artificial intelligence
will play in Space Station operations is now beginning to take shape.
Although there is only limited data on the precise nature of the
payoffs that these technologies are likely to afford there is a general
consensus that, at a minimum, the following benefits will be realized:
increased productivity, increased responsiveness to innovation, lower
operating costs, and reduction of exposure to hazards. Nevertheless,
the question arises as to how much automation can be Jjustified with tn
technical and economic constraints of the program? The purpose of thi
papar is to present a methodology can be used to evaluate and rank
different approaches to automating the functions and tasks planned for
the Space Station. Special attention is given to the impact of
advanced automation on human productivity.

The methodology employed is based on the Analytic Hierarchy
Process. This permits the introduction of individual judgements to
resolve the confict that normally arises when incomparable criteria
underly the selection process. Because of the large number of factors
involved in the model, the overall problem is dacomposed into four
subproblems individually focusing on numan productivity, economics,
design, and operations, respectively. The results from each are than
combined to yield the final rankings. To demonstrate the methodology,
an example is developed based on the s2laction of an on-orbit assembly
system. Five alternatives for performing this task are identified,
ranging from an astronaut working in space, to a dexterous mardipulator
with sensory feedback. Computational results are presented along with
their implications. A final parametric analysis shows that the outcom=2
is locally insenstive to all but complete reversals in preference.
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1. INTRODUCTION

Under the leadership of the National Aeronautics and Space
Administration (NASA) a vigorous effort is now underway to establish a
permanent mannad presence in space by the early 1999s. Central to this
effort is the Space Station and its support systems including the
Shuttle, an orbital maneuvering vehicle, unmanned platforms, free-
fliers, and attachment facilities for servicing, refueling, and storing
satellites. Although the rationale for the Space Station can be
adequately expressed in technological terms alone, there is a growing
awareness that if the U.S. does not move ahead with this program,
whatever related advantages it now possesses will soon give way to the
forces of international competition. As such, the climate is right to
move from an era primarily centering on exploration to one that
encompasses both the scientific and commercial exploitation of space.
In order to meet this objective, it will be necessary to reduce the
cost and complexity of working and living in space without sacrificing
the high level of safety and reliability we have so far been able to
maintain.

This injuction has led NASA's Advanced Technology Advisory Committee
to conclude that if the Space Station is to succeed it must be highly
automated; and to recommend that up to 13 percent of the program's
overall budget be spent on research and development in related ar=as
(NASA 1985). 1In practical terms, ra deliberate thrust to incorporate
advanced automation and robotics can lead to increased productivity,
lower operating costs, mors flexibility, improved reliability, and a
reductionAin life-threatening hazards. Therefore, initial subsystem
designs must utilize as much mature automation as technologically -

f2asible without precluding evolutionary growth and expected
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innovation. A primary goal will be to optimize the human-machine mix
of functions and skills at both the module and subsystem levels (see
Zimmerman et al. 1985). This will permit the long-term realizable
advances in automation to be easily accommodated, once available.

Of equal importance is the role of humans in space. Because ths
environmant is a difficult one, the risks are great and must be weighed
against the promisz for new knowledgs and new commercial opportunities.
But there is a great deal we do not yet understand about either the
environment or potential, and it is in just these circumstances that
humans function best.

Accordingly, Hall and Wolbers (1934) assert that the human role
should be basad on what persons are most capable of doing, which is o
use their intelligence to perceive, to understand, to redefine
continually what has been learned, to take aanntage of unforeseen
opportunities, to solve unanticipated problems, and to acquire,
integrate, and interpr;t multisensory data: In short, they should
function as managers and laboratory scientists rather than as veaicle
operators.

Nevertheless, the question arises as to how much automation can ba
justified within the technical and economic constraints of the program?
The purpose of this paper is to develop a model that can be used to
evaluate different approaches to automating the functions and tasks
that are plannad for the Space Station. Chief among these are
monitoring and verification, fault management, satellite sevicing,
space manufacturing, and assembly of external structures. Spécial
attention will be given to the impact of automation on human
productivity, as measured by crew time saved, acceptability, health zand

safety, motivation, and information requirements.
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Recognizing that each application of automation and robotics must
"be carefully weighed against a set of multipie and often incomparable
criteria, the model relies on individual judgements to resolve any
conflict that appears in the analysis. These judgements take the foram
of pairwise comparisons between the different factors or criteria
reflecting their relative importance with respect to a particular
function or task. 1In order to address the interrelationships between
the criteria, as well as establish a means of treating any imprecisions
in measurement that may arise, a hierarchical methodology is used
(Saaty 1980). The analysis is structured around the following four
areas: human productivity, economics, operations, and design. Results
are obtained separately and then combined by solving a master problem
to arrive at the final rankings. This contrasts with traditional cost-
benefit and engineering tradeoff approaches which require a much
greater data base before any analysis can be done (e.g, see Bard 1984,
"and Morgan and Thurgood 1984). The methodology should also be compared
with the more general but less comprehensive work of Miller, Minsky and
Smith (1982), and the more detailed modeling of Bard et al. (1985).

In the next section, the Space Station concept is defined along
with thevterms associated with automation. Some related past
experience is also outlined. The methodology is presented in Section 3
and a representative analysis is conducted in Section 4. The example
concentrates of the task of aligning and fastening mechanical linkages
in space. Sections 5 and 6 conclude with a discussion of the results

and the potential applications and limitations of the methodology.




2. SPACE STATION CONCEPT

Although size and complexity strongly influence the engineering of
the Space Station, and suggest a higher degree of autonomy than now
exists in most spacecraft, mission diversity is the principal factor
driving the design. Current operational concepts include a wide
variety of scientific experiments, deep space and earth observation,
manufacturing and processing of pharmaceuticals and alloys, and
assembly of large-scale structures. Crew time will therefore by a
critical resource. A combination of greater demands on both flight and
ground crews, coupled with a long-term commitment of manpower and
associated ground support, afford a potential for significant cost
savings through automation.

2.1 Design Requirements

At this time in the program, the mission or customer requirements
have been interpreted by NASA (1984) as calling for three separate
spacecraft: a permanently manned Space Stat;on in a 28-1/2°
inclination, 270 nmi circular orbit; an unmanned co-orbiting platform
in a rendezvous-compatible orbit with both the Space Station and a
seacond platform, itself in a 98°, 430 nmi, Sun synchronous (2 PM)
orbit. The manned element will be required to provide at least 50 KW
of continuous power, a minimum crew of six with four to service
customers, ports for attachment and servicing of two pressurized
laboratory payloads and seven unpressurized instrument payloads, and
provisions for large space construction and orbital transport venicle
development. The co-orbiting platform will be designed to accommodate
payloads for celestial and solar observations, and seasitive
microgravity expariments with a minimum of mechanical disturbance and

contamination.
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The baselihé design of the Space Station is envisioned as a set of
deployed linear trusses to which pressurized modules, subsystems, and
other equipment are attached. The principal structural components are
a keel and three booms at right angles to the keel, as shown in Fig. 1.
Four of the pressurized modules (two habitation and two laboratory)
will be arranged in a quadrangle to provide two access routes for the
crew in case of emergency. The Shuttle will berth with the first
habitation module to eliminate excessive crew movement in the work
area. Similarly, the logistics module will be berthad to the sacond
habitation module to permit unloading with minimum disturbance to
laboratory operations.

The Space Station is intendad to be manned unless unforeszen
circumstances force evacuation. The crew will rotate during the 90 day‘
resupply cycle but there will always be 21 days of reserve provisions
to cope with emergencies. Workstations, personal hygiene facilities,
private quarters, and a ward room and galley to meet essential health
and recreational needs will be provided for a crew of six. Onboard
operations will nominally be conducted 24 hours a day, 7 days a week,
but management tasks will be divided between onboard and ground

personnel to utilized the capabilities of each most effectively. A 10

hour work day is planned.

2.2 Definitions

Because there is often confusion in the use of the terms
"automation™, "robotics", and "artificial intelligence", it will be
useful to make preciss their meaning, at least for the purposes of this
paper (see NASA 1985). 1In so doing, it should be observed that the
underlying fields have grown out of many technologies including -
computer science, mechanisms, sensors, and controls, so these terms
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will have somewhat different connotations depending upon the context.

Nevertheless, the following definitions are offered.

Artificial Intelligence is a subfield of computer science

concerned with the concepts‘and methods of symbolic inference and the

symbolic representation of knowledge to be used in making inferences.

The goal is to make a machine behave in a manner that humans recognize
as "intelligent" behavior in each other.

Automation is the use of machines to control or carry out

processes in a predefined or modelad set of circumstances without humzan
intervention. Advanced automation will be used to collectively refer
to the fields of artifical intelligence, teleoperation, and robotics.
Autonomy is an attribute that allows a system to operate at a
specified performance level for given period of time without external
intervention. Fault tolerance and reliability are key features of

autonomy,

Expert Systems is a subfield of artificial intelligence concerned

with developing computer programs that use knowledge and reasoning
techniques in specific problem areas to emulate the decision processes
of human experts.

Robotics is the study and use of machines capable of manipulation
or mobility with some degree of autonomy. The autonomy may be almost
complete -- as in the case of an industrial manipulator which follows =2
sequence of preprogrammed steps, or the Viking Lander which carried ou:
a series of operations during the periods betweasn instructions -- or
limited, as with teleoperators used for nuclear power plant or underse:z

operations.

Teleoperation is the study and use of manipulators which receive

instructions from human operators and perform some action based on
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those instrpctions at a reamote site.

Telepresence is teleoperation in which feedback of visual,

tactile, auditory or other sensory information from the remote work
site gives the operator the illusion of being there so that he can

exercise better, or more precise control.
’ p

In some instances it may be necessary to further refine the above
terms to take into account specific functions or tasks. For example,
Hall and Wolbers (1984) define suﬁervisory and augmented control for
teleoperations while Bard (1935) distinguishes various levels of
automation for industrial robots.

In the early years of the program it is likely that artificial
intelligence-based systems will be used primarily in an advisory or
planning capacity. As crew confidence in automation grows and as
technology advances, machines will take on more critical and
independent roles. On the othervhand, the pfinéipal barriers to
autonomy levels beyond simpls self-regulation, fault diagnosis,
adaptive attitude control, and tape management have thus far been the
shortage of computational resources. Most of our previous spacecrgft
have lacked the tools to assist in the implementation of autonomous
behavior (e.g., see Soffen 1977). In this regard, commonality of
hardwarz, software, and data protocols throughout the Space Station
program will be essential.

2.3 Current Developments

The most important initial motivation for telepresence 1is to
enhance crew safety by reducing the need for extravehicular activity
(EVA). A second is to increase mission capabality by making posssible

some aectivities that are now impractical, such as servicing satellites
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in high-radiation geosynchronous orbits. Robotic systems are based on
the same rationale, but would extend the range of activities to
situations where long communication delays namper telepresence.
Further, because one crew member will generally be able to supervise
the activities of many robots working simultaneously on different
tasks, productivity will rise as less sophisticated systems evolve intc
advanced automation.

Currently, a number of researcn programs are under way to
determine the most effective means of implementing these technologies.
For example, General Electric is building a dexterous manipulator to
transfer material batween automatic fabrication stations for the
production of gallium arsenide (GaAs), a central ingredient in
integrated circuits; Martin-Marietta is working on the use of crane
manipulators to unstow modular elements, and to help astronauts on EV:
assemble them into structures. As evident from Skylab and Shuttle
experience, particularly concerning satellite rescue and repair, the
automation of manufacturing and satellite servicing will require thea
most advanced equipment and controls. Because both of these activitiss
involve the precise manipulation of small, asymmetric objects, a great

deal of dexterity will be a prerequisite of the design.



3. METHODOLOGY

In order to establish a general procedure for evaluating advanced
automation alternatives a set of well-defined, uniformly acceptable
criteria must be developed. This will be done in a hierarchical
framework. The intent is to offer a representation of the system that
can be used to examine how changes in priorities at upper levels affect
the priority of elements further down the tree. The top of the
hierarchy will provide the analytic focus in terms of a problem
statement. The example developed below will bé concerned with
tSelecting an On-Orbit Assembly System'. At the next level, the major
‘considerations are defined, which, in our case, will include human
productivity, economics, design, and operations. This is usually.
followed by a listing of the criteria for each of the above
considerations. For human productivity these will include workload,
support requirements, crew acceptability, and issues surrounding man-
machine interfaces. Depending upon how much detail is called for in
the model, each criteria may then be broken down into individual
parameters whose values are either estimated or determined by
measuremant or experimentation. The bottom leﬁel of the hierarchy
contains the alternatives or scenarios underlying the problem. With
regard to 'Assembly', these might include an astronaut on EVA with
tools, a dexterous manipulator under human control, a dedicated
manipulator under computer control, a teleoperator maneuvering system
with manipulator kit, or a computer controlled dexterous manipulator
with vision ahd force feedback.

Once the hierarchy has been structured, local priorities must be

established for each factor on a given level with respect to each -

factor on the level immediately above it. This step will be carried
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out by using the Analytic Hierarchy Process (AHP) of Saaty (1980) which
calls for pairwise comparisons between the factors to develop the
relative weights or priorities. Because the approach is basically
qualitative, it is arguabley less burdensome to implement from both a
data requirements and validation point of view than the more common
multiattribute utility approach éf Keeney and Raiffa (1976). That is,
independence assumptions need not be substantiated nor preference
functions derived. 1If, however, a more quantitative approach is
sought, the exercise required to construct the hierarchy has an
inherent value that would likely complement the subsequent analysis

(cf. Keefer 1978, Kirkwood and Sarin 1985, Madey and Dean 1985, and

White and Sage 1984).

To illﬁstrate the nature of the calculations, observe Fig. 2 wnicnhn
depicts a 3-level hierarchy -- a summary version of the example to be
fully analyza2d in the next section. Table 1 contains the input and

output data for level 2.

TABLE 1. PRIORITY VECTOR FOR MAJOR CONSIDERATIONS

Considerations 1 2 6 Y Priorities Qutput Parameters
1) Human Prod. 13 3 7 0.521 Apax = 4.121
2) Economics 1 1 5 0.204 . C.I. = 0.040
3) Design 1 7 0.227 C.R. = 0.045
4) Operations 1 0.0u47

Whan n factors are being compared, n(n-1)/2 questions are -

necessary to fill in the matrix. The elements in the lower triangle
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(omitted here) are simply the reciprocal of those lying above the
diagonal; that is, ajj = 1/aij. In this instance, the entries in the
matrix at the center of Table 1 are the responses to the 6 (n=4)
pairwise questions that were askad. These responses were draw from the
g point scale shown in Table 2 (see Saaty (1977a) for a furtner
explanation of how this scale was derived). For example, in comparing
"human productivity" with "economic" considerations (element aq5 of the
matrix), it was judged that the first nyweakly" dominates the second.
Note that if the elicited value for this element were 1/3 instead of 3,
then the opposite would have been true. Similarly, the value 7 for
element azy means that design considerations "very strongly" dominate
those associated with operations. After the decision maker supplies
all the data for the matrix the following equation is solved to obtain
tha rankings denoted by e
Aw = Anax¥

where W is the n-dimensional eigenvector associated with the largest
eigenvalue max °f the comparison matrix, A. The n components of )
are then scaled so they sum to 1. Consistency of response or
transitivity of preference is checked by aécertaining whether

ajj = ajpdkj; for all i,j,k. (1)
In practice, the decision maker is only estimating the "grye" elements
of A by assigning them values from Table 2, so the perfectly consistent

case represented by eq. 2 is not likely to occur. '
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TABLE 2.

SCALE - USED

FOR PAIRWISE COMPARISONS

Value Definition Explanation
1 Equal importance Both factors contribute equally to
the objective or criterion
3 Weak importance of Experience and judgement slightly
one over another favor one factor over another
5 Essential or strong Experience and judgement strongly
importance favor onz factor over another
7 Very strong or A factor is favored very strongly
demonstrated over another; its dominace 1is
importance demonstrated in practice
9 Absolute importance The evidence favoring one factor
over another is unquestionable
2,4,6,83 Intermediate values Used when a compromise is needed
0 The factor does not contribute to

No relationship

tha objective

Therefore, as an approximation, the elements of A can be thought

to satisfy the relationship ajj = wi/wj + €ij’ where Eij is the error

term representing the decision maker's inconsistency in judgement when

comparing factor i to factor j. As such, we would no longer expect a

i
to equal A5 kakj throughout. Carrying the analysis one step farther, it
can be shown that the largest eigenvalue of the matrix A, kmaxv

satisfies A 2 n, where equality holds for the perfectly consistent

max

case only. This leads to the definition of a consistency index

C.I. = (Agag-n)/(n-1) (2)
which can be used to evaluate the quality of the matrix A. To add
perspective we compara the C.I. to the index derived from a completely
arbitrary matrix whose entries are randomly chosen. Through -

simulation, Saaty has obtained the following results:
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n | 1 2 3 y 5 6 7 8 9 10

R.I. l 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49

where n represents the dimension of the particular matrix, and R.I.

denotes the random index computed from the average of the C.I. for a

large sample of random matrices. It is now possible to define the

consistency ratio as

C.R. = C.I./R.I.

Experience suggests that the C.R. should be less than 0.1 if one is to
be fully confident with the results. (There is a certain amount of
subjectivity in this assertion much like that associated with
interpreting the coefficient of determination in regression analysis.)
Fortunately, though, as the number of factors in the model increases
the results become less and less sensitive to the values in any one
matrix (see Saaty (1980) for ways of dealing with unreasonably high
“values).

Returning to Table 1, it can be seen that the priorities derived
for the major considerations were 0.521 for human productivity, 0.204
for economics, 0.227 for design, and 0.047 for operatiods. These
figures parallel rather closely those obtained in related studies using
utility theory (e.g., see Bard et al. 1986, and Dyer and Miles 1975),
but tend to emphasize the first consideration more, probably due to the
implicit mandate that the Space Station must eventually pay for itself.
Finally note that the consistency ratio is well within the acceptable
range.

The next step in the analysis is to develop the priorities for the

factors on the third level with respect to those on the second. 1In our




case, we will compare the five alternatives previously mentioned with
each of the major considerations. For the moment, assume that the
appropriate data have been elicited and that the calculations performed
for each of the four comparison matrices, with the results displayed in

Table 3. The first four columns of data represent the local priorites

derived from the inputs supplied by the decision maker. The global

priorities are obtained by weighting each of these values by the local

priorities given in Table 1 (note that each column sums to 1). Becauss

there are no more levels left to evaluate, the values shown in the last
column of Table 3 represent the final priorities for the problem.
Thus, according to the judgements expressed by tnis decision maker,

alternative 2 turns out to be most preferred.




TABLE 3. LOCAL AND GLOBAL PRIORITIES FOR THE PROBLEM OF
SELECTING AN ON-ORBIT ASSEMBLY SYSTEM

Local Priorities Global
Priorities
Alternatives* Human Prod. Economics Design Operations

1 0.065% 0.415 0.122 0.389 0.165
2 0.212 0.309 0.224 0.151 0.232
3 0.399 0.059 0.206 0.178 0.228
Yy 0.170 0.111 0.197 0.105 0.161
5 0.243 0.106 0.251 0.177 0.214

¥Alternative
Alternative
Alternative
Altarnative
Alternative

Astronaut on EVA with Tools

Dexterous Manipulator under Human Control
Dedicated Manipulator under Computer Control
Teleoperator with Manipulator Kit

Dexterous Manipulator with Sensory Feedback
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4. ANALYSIS

The 3-level model used for illustrative purposes in the previous
section has tha advantage of simplicity but captures only the most
general properties of the system under study. 1In developing a more
comprenensive model, one must strike a balance between detail, data
requirements, and data availability. In'practice, straightfdrward
weighting techniques can be effectively used to quickly narrow down a
large collection of options so greater attention can be given to the
more promising. Miller et al. (1982) take just such an approach in'
developing a set of advanced automation options for space applications.
After identifying 69 space project tasks, they use the following seven
criteria in their scoring model: nonrecurring cost, recurring cost,
maintenance, time to complete task, failure-proneness, useful life, znd
development risk. For each task, a judgement was obtained for each
criterion based on a 1 to 5 scale with Qurtent technology being eguzal
to 3. Rankings were derived by weighting the outcomes by the numbér of
potential applications. OQthers have taken parallel approaches using
similar types of response data, and have met with varying degrees of
Succuss. Arbel and Seidmann (1984) have used the AHP to evaluate
flexible manufacturing systems and have reported favorable customer
reactions; Saaty's experience with the AHP has spanned the gamet of
applications as well as results (e.g., see Saaty 1977b).

We will now explore the implications of a full analysis by
presenting the data underlying the 3-level 'Assembly' model. The first
thing to note is that the number of criteria and factors neasded to

characterize any real problem is usually too large to neatly structure

in a single hierarchy In our case W neces the
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overall problem into four subproblems, each describing one of the major
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considerations, and then combine the results. The presentation will
therefore follow this course.

4.1 Human Productivity

A major rationale for developing advanced automation applications
for the Space Station is that they will increase the productivity of
both the ground and flight crews. Benefits will be achieved by
eliminating the need for humans to perform repetitive, tedious chores,
and by extending the scope of work to include tasks that would
ordinarily be impractical for the crew to undertake. For example, the
multiplicity of monitoring and calibration functions that must be
carried out daily are prime candidates for computer control. Expert
Systems, or even assistant programs, can be used to guide an astronaut
through a complex diagnostic routine as well as manage certain faults
by providing facts and procedural information that would be difficult
for any individual to remember. For onboard computer repair, such a
System might contain a data base of design infofﬁation, suggsst tests,
and recommend procedures for recovering from failure. On a more
mundane level, an onboard, computerized inventory management system can
simplify the task of searching for stored equipment and material. It
has been estimated that the amount of time the Shuttle flight crew has
spent looking for misplaced items could have already justified the
development costs of this system.

A corollary to releasing the crew from low-leval monitoring,
verification, and calibration functions is that morale will improve,
thus enhancing motivation and allowing more time to devote to higher-
level decision making and scientific pursuits. Another way automation
can result in greater productivity is by reducing the need for ;

frequent, detailed control and direction from the ground. If the
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astronauts are more closely involved in the planning and scheduling of
- day-to-day activities, perhaps through an interactive, onboard
scheduler, thne best allocation of their time can be more efficiently
determined.

With automatic fault diagnosis and recovery, many component
failures can be quickly and reliably detected and backup units placed
in operation in a manner transparent to the crew. The failed unit can
then be replaced or repaired at a convenient time without disrupting
the planned work schedule (e.g., see Malin and Lance 1985, and Zorpe:te
1985). Productivity on the Space Station can also be enhanced by
mechanical devices which complement or supplement human functions. For
instance, a éeleoperated or robotic system could be used to assist an
astronaut on EVA by holding tools, moving objects into position,
grasping parts being connected, or providing mechanical capabilities a
human doesn't possess (e.g., see Wu and Paul 1982). The example that
we will examine, 'Selecting an On-Orbit Aséemble System' falls in ﬁhis
general category. To begin, let us describe the five alternatives:

1. Astronaut on EVA with Tools - EVA represents current

technology, and hence serves as a point of referehce in the
comparisons. It is extremely man- and time-intensive but requifes
little research and development (R&D). Although not considered here,
an interesting extension of this alternative would be a man-computer
vision system. Astronauts would be equipped with TV cameras that would
supply quantitative information on an object's size, orientation, and
condition to the computer for analysis. The principal issues would
concern the miniaturization of computation hardware and design of man-

machine interfaces. B

2. Dexterous Manipulator under Human Control - Manipulation
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technology consists of a well-developed body of kinematic theory for
producing any desired movement of an end effector, such as a gripper or
tool carried at the end of a robot arm. Dexterity implies a capability
to reach and grasp objects in a human manner, and to adapt to a wide
number of tasks. Recently, multiple small, three-jointed manipulators
have bzen mountad on a hand to produce the equivalent of true fingers
(Jarvis 1984). This system could probably be built with a modular
design, so that vision could easily be added; however, because
extremelybsmall manipulators for confined spaces and multiply-branched
manipulators for complex tasks do not yet exist, the development risk
would be high.

3. Dedicated Manipulator under Computer Control - The Remote

Manipulatcor System (RMS) on the Shuttle is an example of the state of
the art of teleoperation technology used in existing spacecraft.
Although its operations are routinely monitored visually or with TV
cameras, it has only limitad dexterity and no sensory feedback. Arm
control is achieved with a computer program which translates inputs
into arm motion through a coaventional hand controller. A supervisory
control routine has been implemented which permits the arm to follow a
predetermined trajectory. This alternative may be thought of as the
next generation RMS with force/torque reflection and perhaps tactile
feedback. The major difficulty likely to be encountered in its
development centers on the computer system, as will be true with the

remaining alternatives.

4. Teleoperator Maneuvering System with Manipulator Kit - This

would be a remotely controlled devise with special-purpose and
multifingered end effectors, and an ability to attach itself to handles

or fixtures while coordinating its activities with other subsystems.
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It would be much more versatile than a dedicated manipulator,

possessing an onboard computer with updatable knowledge bases and built

I

in diagnostic and fault-tolerent software. A great deal of R&D would
be required, but the payoffs in terms of productivity and technology
transfer would be high.

5. Dexterous Manipulator with Sensory Feedback - This system

reprasents the essence of telepresence. It would start with the
components of current master-slave manipulators: a control station wi:n
one or two master arms; a remote worksite with one or two slave arms
geometrically similar to the master armS; and video feedback. It would
be expanded, though, to include greater dexterity, stereovision,
movable points of view, high resolution zones of focus, as well as
force, tactile and thermal feedback. Voice recognition will also be
considered in the design. From a development point of view, the man-
machine interfaces such as electronic cqntrols and displays, computer
graghics, instrumentation engineering, workstation design, and

ergonomics will be of primary importance.

Fig. 3 depicts the hierarchy fashioned for the human productivity
phase of the analysis. Major considerations for this subproblenm
include workload, support requirements, acceptability, and man-machins
interfaces. At the next level a distinction is made between the
onboard and ground crews. This is followed at level U4 by a set of six
general criteria which are given explicit definition at level S5 by
introducing 16 parameters.

Table 4a displays the input comparison matrix for the level 2

evaluations, and the resultant prioritization. The acceptability

factor obtained the highest score of 0.372 but was closely followed by
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the man-machine interface factor with a score of 0.366. Tables Ub-Ud
contain the local and global priorities for levels 3 through 5; the
data associated with the last set of comparisons for the 5 alternatives
with respect to each of the 16 paramaters is shown in Table Ye. The
final rankings are enumerated in Table 3. Alternative 3 -- a dedicated
manipulator under computer control -- achieved the highest score of
0.309. By tracing the individual comparisons it may be reasoned that
high crew acceptability as measured by the six criteria lead to this
rasult. The least preferred alternative was the first -- an astronaut
on EVA with tools -- primarily because of the extensive planning
required to perform such a task, coupled with the obvious physical
hazards. Note that R&D costs, complexity of design, and operational

difficulties do not play a significant role in this phase of the

analysis.
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TABLE 4a. PRIORITIES FOR THE MAJOR CONSIDERATIONS ASSOCIATED WITH
SPACE STATION HUMAN PRODUCTIVITY

Considerations 1 2 3 Y Priorities Qutput Parameters
1) Workload 1 3 1 1/3 0.203 Naax = 4.30

2) Support 1 1/5  1/17 0.059 c.I. = 0.101

3) Accept. 1 2 0.372 C.R. = 0.112 "
4) Man-Mach. 1 0.366

TABLE 4b. PRIORITIZATION OF LEVEL 3 FOR HUMAN PRODUCTIVITY SUBPROBLEM

Local Priorities Global
Priorities
Crew Workload Support Accept. Man-Mach.
1) Onboard 0.833 0.875 0.900 0.900 0.885
2) Ground 0.167 0.125 0.100 0.100 0.115

TABLE U4c. PRIORITIZATION OF LEVEL 4 FOR HUMAN PRODUCTIVITY SUBPROBLEZX

Local Priorities Global

Priorities

Criteria Onboard Ground '
1) Training 0.029 0.178 0.046
2) Logistics 0.181 0.433 0.210
3) Performance 0.114 0.000 0.101
4) Org. Struct. 0.089 0.084 0.088
5) Health 0.u482 0.041 0.431
6) Decision Mkg. 0.105 0.265 0.124
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TABLE 4d. PRIORITIZATION OF LEVEL 5 FOR HUMAN PRODUCTIVITY SUBPROBLEM

PRIORTITIES

Local Global
Training
1) Regimen 0.246 0.011
2) Time 0.544 0.025
3) Tools 0.141 0.007
4) Support Personnel 0.069 0.003
Logistics
5) Planning & Scheduling 0.066 0.014
6) Maintenance 0.149 0.031
7) Rescue 0.785 0.165
Performance
8) Stability in Zero-g 0.167 0.017
9) Working Environment 0.833 0.084
Organizational Structure
10) Conflict Resolution 0.250 0.022
11) Human Reliability 0.750 0.066
Health
12) Physical Health 0.875 0.378
13) Psychological Health 0.125 0.054
Decision Making
14) Intelligence 0.238 - 0.029
15) Information Processing 0.136 0.017
16) Sensory Load 0.625 0.077
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TABLE 4e. PRIORITIZATION OF LEVEL 6 FOR HUMAN PRODUCTIVITY SUBPROBLEM

LOCAL PRIORTITIES

Alternatives

Parameters 1 2 3 4 5
1) Regimen 0.038 0.079 0.440 0.230 0.213
2) Time 0.042 0.131 0.534 0.166 0.127
3) Tools 0.049 0.469 0.269 0.133 0.079
4) Support Personnel 0.033 0.233 0.410 0.177 0.147
5) Planning % Scheduling 0.029 0.149 0.510 0.105 0.207
6) Maint=nance 0.055 0.479 0.255 0.131 0.089
7) Rescue 0.027 0.285 0.285 0.117 0.285
8) Stability in Zero-g 0.047 0.144 0.557 0.126 0.125%
9) Working Environment 0.034 0.113 0.446 0.162 0.225
10) Conflict Resolution 0.089 0.167 0.324 0.125 0.335
11) Human Reliability 0.415 Of119 0.052 0.100 0.315
12) Physical Health 0.027 0.243 0.243 0.243 0.243

13) Psychological Health 0.031 0.124 0.438 0.113 0.294
14) Human Intelligence 0.046 0.103 0.470 0.111 0.270
15) Information Processing 0.422 0.163 0.052 0.110 0.254

16) Sensory Load 0.058 0.140 0.489 0.116 0.197
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4.2 Economics

The Space Station is expected to be a vital national resource, not
only for scientific experimentation, but for technological innovation
and commercialization as well. As such, the Congress has tentatively
allocated $8 billion for the program to be spent proportionately over
the next seven years. The goal is to reach the initial operating
capability (IOC) outlined in Section 2 by 1992 although it is by no
means clear whether the baseline system can bz built for this price.
Neverthaless, budgetary restrictions and competition for funds from
other projects preclude any planning beyond this figure regardless of
the_present value of the program over its expected 20 year useful life.

In light of this constraint, IOC costs tend to dominate the three
other major considerations shown in Fig. 4 -- the hierarchical diagram
used in the economic analysis. While long term benefits to the U.S.
economy and increased worker productivity are extrem2ly important
issues, the first concern is to bring the prograh in on budget. 1In
fact, advanced automation will play a major role in this regard by
permitting a reduction in support personnal through greater automony,
and introducing improved methods of construction and assembly.
Examining recurrent costs, in addition to enhanced crew productivity,
cost savings will be realized by lowering the amount of ground resouces
needed, and by e#tending the lifetimes and versatility of Space Station
systems. Intelligent computer-aided instruction can similarly reduce
the costs associated with preflight training, while automatic fault
diagnosis, isolation, and recovery éan allow partially failed equipment
or experiments to remain in operation without having to immediately

dispatch a repair team.

Taking a long term view, NASA's tradition of promoting
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technologies that have grown out of its basic and developmental

research will be taking on an even greater dimension due in part to tne
decline in the percentage of revenues being spent by U.S. industries on
R&D. Cooperation with the private sector will be a key item on the
aganda. Accordingly, several areas will be emphasized that to date
have hindered the progress and acceptance of automation by many
domestic manufacturers (see Ayres and Miller 1983). For example, the
lack of standardization in computer systems, as evidenced by a
proliferation of languages and disparate intercommunication techniques,
has been a principal deterrent to full implementation. It is felt thzt
an impetus by the government toward more universal computer interfacss
and software in support of Space Spation requirements will facilitate
wider acceptance of automation by industry.

Some examples of technology transfer that have now become
commonplace include styrofoam insulation and nuclear magnetic resonanze
imaging used in medicine. Success in meeting Space Station objectives
for fault tolerance and recovery techniques will provide the
understanding needed by industry to implement automated and autonomous
systems on a commercial level. And while the utilization of robotics
in space involves considerably different approaches in basic design and
qualification testing, research in adaptive control and artifical
intellegence is readily transferrable to ground-based firms.

Similarly, man-machine interface requirements for robots and
teleoperators will apply equally to space and ground applications.

The final point that should be made about the major economic
considerations concerns the commercialization opportunities that the
Space Station will afford. In particular, working in space provides a

variety of unique conditions that may be effectively exploited if
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access is available at a reasonable cost. These include

e Microgravity

e High vacuum

e Isolation from disturbances and contamination

@ Direct solar energy and cosmic rays

e A synoptic view of the Earth
Becausa automation will permit more efficient use of the crew's time,
it will help reduce operating costs, which in turn will affect the
rates that the government will have to charge its customers for using
Space Station facilities. Whatever the rates, however, fault-tolerant,
highly reliable computers will ensure effective collection of
experimental data and support for manufacturing processes.

Returning to Fig. U4, we see that each of the five system
alternatives are subsequently compared at level 6 against the following
five cost parameters: hardware, software, support equipment and
documentation, maintenance, and time saved. "It ;hould be noted that in
the engineering design phase of any program, these parameters would
have to be given much greatar definition and their values determined
explicitly (see Zimmerman et al. 1985 for more detail). Our concern
here, though, is only with relative orders of magnitude, and not
specific values.

Because the actual computations closely parallel those described
in Section 4.2, the individual results for the economic subproblem will
not be presented here. The final rankings for each alternative,
however, are displayad in Table 3 where it can be seen that the first -
- an astronaut on EVA with tools -- convincingly dominates the others.
This result can be traced back to the strong preference placed on IO€

costs by the decision maker throughout the analysis. Table 5 presents
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the level 2 comparison data which serves to dramatize this point.

TABLE 5. PRIORITIES FOR THE MAJOR CONSIDERATIONS ASSOCIATED WITH
SPACE STATION ECONOMICS

Considerations 1 2 3 4 Priorities Qutput Parameters
1) I0C Costs 1 5 5 1 0.619 A max = 4.240

2) Recur. Costs 1 1/3 3 0.109 C.I. = 0.080

3) Prod. Improv. 1 5 0.220 C.R. = 0.089

4) Long-Term 1 0.052

4.3 Design

Fig. 5 depicts the Y4-level hierarchy usad in the design phas2 of
the evaluation. The following five major considerations were
identified at level 2: physical charécteristics, safety, technical
characteristics, performance, and technological opportunitie§. In the

comparisons, it was found that safety was the predominant concern with
performance a far off second. These results are presented in Table 5
while the alternative rankings may once again be found in Table 3. Ths
most advanced alternative, number 5 -- a dexterous manipulator, with
sensory feedback -~ placed first, primarily due to its high ratings cn
safety, performance, and technology transfer. The EVA altervativa was
at the bottom of the list for exactly the opposite reasons.

In general, working in space can pose serious threats to humans
because of the hostile surroundings or the nature of the materials and

devices involved. Certain fuels are highly toxic or volatile while

some facilities require high temperature or presure environments.
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mating the accompanying activities would remove humans
altogether from potentially hazardous situations, but if the crew must
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work outside the Station occasionally, the use of automatic fault

diagnosis and response can significantly reduce the dangers.

TABLE 6. PRIORITIES FOR THE MAJOR CONSIDERATIONS ASSOCIATED WITH
SPACE STATION DESIGN

. Qutput
Considerations 1 2 3 b 5 Priorities Parameters
1) Physical Chr. 1 1/9 1/5 /7 1/5 0.028 max = D-545
2) Safety 1 7 7 9 0.630 C.I. = 0.136
3) Technical Chr. | 1 1/3 173 0.071 C.R. = 0.122
4) Performance 1 2 0.159
5) Tech. Opport. 1 0.111

Tne reliability of any system may be characterized by the
likelihood of failure or process interrupt, the degree or mode of
failure, and the effort and time required for diagnosis, repair, and
recovery from the degraded condition. While the increased complexity
of a highly automated systsm can be expected to have an adverse effect
on component failure rates, automation can improve overall reliability
in several ways. Systems for monitoring and control are not subjecé to
fatigue or time dependent error proneness as are humans, and software
for automatic fault isolation and recovery can keep a critical system
going until an astronaut has time to change out the failed part. 1In
emergencies, automated systems specifically designed for crisis
management can bring tne troubled equipment to a fail-safe condition
before extensive damage occurs. Without automation, humans may more
fraquently be placed in pressure prone situations such as EVA in whigh

the cniances for error increase significantly.
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From a strictly design point of view, some of the factors that
should be taken in account in the evaluation follows. First, the Space
Station should accommodate alternate configurations which readily allow
for additions to and deletions from the currently planned mission
profiles. Second, all autonomous functions should be capable of being
separately enabled, disabled, or updated under the supervisory control
of the ground or fight crews. This is necessary to ensure adequate in-
flight maintenance, modification, and performance analysis. Finally,
because standard retrofit procedures attempted some years after the
initial platform is launched would be prohibitively expensive, growth
potential must be built into the design from the outset. At a minimum,
this implies the incorporation of standard interfaces, the design for
ease of assembly and servicing, and the design of an evolutionary
computer system architecture. It is not surprising to note that the
ranxings of the five alternatives reflect these criteria almost
exactly. -

4.4 Qperations

A major goal for the Space Station is to minimize both crew and
ground control involvement in system monitoring through onboahd
automation and platfrom autonomy. This will maximize crew availabilicy
for mission activities which include thne servicing of internal and
externally attached payloads, supervising laboratory experiments,
deploying payloads and upper stages, and assembling large-scale
structures. ‘fnitial ground control and support will be in the form of
flight and system monitoring and assistance during the deployment,
assembly, chackout, and verification of each new Space Station element.
As time progresses, many of the mission planning activities and data

management functions will be assumed by expert systems.
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Automation and robotics technologies can increase human
performance by decreasing operational requirements and by mechanizing
many of the related functions. Skylab and Shuttle experience indicates
that the individual productive time available per mission day is on the
ordar of 10 hours (Zimmerman et al. 1985). The remainder of the day is
taken up with housekeeping and personal chores. Productive time must
include subsystem operation, monitoring, calibration, fault diagnosis
and correction, planning, EVA, rendezvous/docking, customer servicing,
and other user related activitieg. As an example, consider the
monitoring and verification tasks associated with command and control -
- these are currently performed by the ground crew. Loftus (1983)
reports that roughly 70 percent of the monitoring points are
automatically telemetered to the ground. The balance, consisting of
approximately 1000 data elements, is monitored onboard. Using a
standard scan rate of one second per data element, and monitoring twice
a day, a total time of 0.6 hours per day resUltgl If the monitoring
function ware to be made completely independent from the ground,
existing onboard procedures would require an additional hour per day.
Thus, the need for automation is clear.

The verification and calibration function is generally more
complicated because it requires a variety of steps: repeated instrument
readings, a comparison of data with either the ground or other onboard
instruments, and possibly a spacecraft control decision which itself
must be verified. Both Skylab and Sauttle operational histories
suggest that verification and calibration fuctions will consume
appoximately 0.3 crew hours per day. Table 7 provides an extrapolated

1ist of associated times for the Space Station.
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TABLE 7. ESTIMATED TIMES FOR SPACE STATION VERIFICATION

AND CALIBRATION FUNCTIONS

Approximate time

Fuctions and Tasks Hours/Day
Plan Mission 0.5
Verify/Calibrate
- Inertial Unit 0.6
- Docking System 0.3
- Accelerometers 0.3
- Thnermal Control Systems 0.3
- Structural and Mechanical Loads 0.3
- Station and Experiment Pointing 0.3
- Power Subsysteds 0.1
- ECLS Subsystems o 0.1
- Experiment Instrumentation 0.6
- Test Intrumentation No Value
Parameter Updates and Data Storage 0.1
Total = 3.5

Fig. 6 displays the 6-~level hierarchy used to evalute the issues
underlying S;ace Station operations. Major considerations in this
model included administration and management, maintenance, house-
keeping, and emergencies. At level 3 a distinction is made between
onboard and ground personnel, while levels 4 and 5 contain the criteria
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and parameters, respectively.
data for the first set of evaluations. As can be seen, emergency
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considerations strongly dominate the other three, achieving a weight of
0.69. This might suggest that a remote manipulator or robotics system
would be most preferred because of the reduced likelihood of emergency
situations arising with their use. Nevertheless, the relatively high
scores in performance and human factors an astronaut on EVA gets for
the assembly task gives alternative 1 a substantial edge in the

rankings (see Table 3).

TABLE 8. PRIORITIES FOR THE MAJOR CONSIDERATIONS ASSOCIATED WITH
SPACE STATION OPERATIONS

Considerations 1 2 3 Y Priorities Output Parameters
1) Admin. & Mgt. T1/3 0 3 /T 0.088 A max = 4.264

2) Maintenance 1 5 1/7 0.178 c.I. = 0.088

3) Housekeeping 1 1/9 0.043 C.R. = 0.098

4) Emergencies 1 0.690 i
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5. DISCUSSION

The final step in the analysis is to derive the overall rankings
by combining the results obtained for each of the four subproblems.

The collective weights are presented in Table 3 where it can be seen
that alternative 2 -- a dexterous manipulator under human control --
slightly outscores alternative 3 -- a dedicated manipulator under
computer control. Although the latter is clearly the superior choice
when only human productivity is considered, its poor scores in
'economics' and 'operations' reduce its attractiveness. Notice that
the first alternative, EVA, turns out to be a rather weak contender
despite its high scores in these two areas. This can be traced
directly to its unacceptable showing in 'human productivity'. On the
other hand, the fifth alternative -- a dexterous manipulator with
sensory feedback -- does quite well in all categories, being the systen
of choice in 'design', but cannot curren@ly be justified from an
economic point of view. "

In order to test the sensitivity of these findings to variations
in judgement, the comparison data in each subproblem were locally
perturbed and the individual and collective sets of Qeights regomputed,
It was found that as long as transitivity was preserved, the overall
results showed very little variation, with the rankings rarely
changing. As would be expected though, the impacts accompanying
preference shifts are more pronounced if they occur near the top of the
hierarchy. For example, the importance of 'design' would only have to
be increased by about 20 percent with respect to 'human productivity’
in Table 1 before alternative 5 becomes dominant. This observation

anfarms dirently with the wav decisinng are made in nractice since
coniorms 4lreCily wWitin Lhne way 4declsions are made in pragcLlice since

upper management would be expected to provide the higher level
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judgzements.

With regard to data collection, it should be mentioned that the
interviewing process can be rather time consuming and tedious as_the
size of the model grows. If the decision maker is unfamiliar with the
methodology, it usually takes about 30 minutes of explanation and
demonstration before he feels comfortable answering the questions. An
additional 45 to 60 minutes are then required to elicit the comparison
data for a 6-level hierarchy equivalent in complexity to the human
productivity model. Some individuals found it easier to start at the
bottom of the hierarchy with the parameters rather than at the top with
the more general criteria. Note that all computations were performed
in negligible time on an IBM PC using an interactive Basic program. As
a benchmark, it takes about 5 seconds to compute the eigenvector of a

6x5 matrix and at most 50 szconds to solve any one of the four

subproblems.

From an operational standpoint, rather than do all the analyses
during the first interview, it may bz more efficient to collect the
data off line, then compute the weights, perform a sensitivity
analysis, and, if possible, hold a followup session to discuss the
results. Even the most experienced analyst makes mistakes, and the
time looking for and correcting errors during the interview can only

lead to impatisnce and hasty judgements on the part of the decision

maker.
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6. CONCLUSIONS

It has been shown how the Analytic Hierarchy Process can be used
to evaluate automation and robotics applications for the upcoming Space
Station. The methodology is completely general, though, and need not

2 limited to these technologies alone. Other promising areas of
application include the selection of the food system, habitat design,
and the determination of payload priorities. 1In this regard, the major
considerations, criteria, and parameters developed for each of the four
subproblems should not be thought of as fixed. Each new problem will
usually require modifications or extensions of these factors to
accommodate unique concerns. The flexible nature of the program easily
permits such adjustments.

If a more quanatitative approach is called for, the AHP is often =z
good first step in defining and structuring the problem. The fact thz:
it requires only qualitative inputs, though, gives it an advantage ovsr
the more formal multicriteria techniqueé such as multiattribute utility
theory and goal programming in that it can bé used effectively in the
early stages of a program before detailed cost and performance data arse
available. The time and effort saved at the outset will returna

dividends throughout the course of development.
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Sunthetic zperture radar (S&R) depends primarily on
zttzinable frequency resclution vather than on lavrges phusical size
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Thie preoject ie & part of the NASA proiect MSART, or
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replaced by complex cignal processing eguipment. The quality of
the SAR image ie an involwed functicn of the parametersz of the
antenna, the signal processoY, and the gecmetry.

The dictributed architecture concept (DSAR) incorporates

trancemit/receive (T/R) modules at or neavr the elementsl radiators

of the arraw. The most important components of the TR modul

[ (

a =z ar

LAY

the high powsr smplifier (HFA) and the low noise amplifier (LNAT.

The maior advantage:s of this approzch includs [Jedlicksz, 1929)
1} enhanced swetem reliability due tco qraceful degradation af

arrav pattern performance;

2y mchievement of high total radiated power with zzlid state
dewices;

2y improved svetem noise filaure:

47 mechaniczl deformaticn 2nd motion COMDEnEstion 5% wWell 3%
variable incidernce angles (with electronic beam steering option i,

RESULTS

Due to the encrmity of the t=ask, the goals for thie summey.
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1lv, th
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4y to produce =n operator’s manual which will enharnce

)
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Vou

OF POOR QUA&LIiY
“ll of these goales were realized. A copy of the program and
the manual are available upon requecst. The only chortocomings, due

to time limitaticne, are in 2) and 4). The program could be made

more friendly to the user. The cperator’s manual is somewhat

in

betchy in parts, but the essential

2z are covered eufficientlv., In
sdfition, sewersl povtiens of the program were not thorvoughly
testeaq.
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component performance d

10

gradation and mechsnical deformation on
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Far-field anterna patterns. khat remains to be done 18
zimilar job on the lengthier 0SS program. It has been loaded on

the UMIVAC computer. Graphics must be supplied, the code must =
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standzrdized, and an interface with DSAR must be provided.
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DSAR INPUT TEST

6 X 12 ELEMENT ARRAY

FREY F10.0
NUM ELCcMS
SPACING
STAGGER

NO 21ITS
RAN QUAN
CO PHAS
PANELS
aCQoL,PCOLX
AROW,PROWY

TAPER
DIPECT
3IDELOAE
EL PATTEZAN
ZAP

T/R X,Y
NZAP
IRFLAG
ISEDR
1SX1P

20 TICKS
GAIN PHI
GAIN THETA
INCREMENTS
3D,IDONT
3D TICKS
MN,VAR,DEL
AMP,SEED FL
908 INFC
STEER

ICUT FLAG
3p VIEW PT

Sample Input

C-2AND
5.300
6 12 2 3
.225 4.500
9 0.0
0
0
1 1
1 2
1.0 0.0
1.0 0.0
.5 22.5
]
20.0 2C.0
1
2
2 6
3
0
999
a
3
3.0 90.0
-36.0 36.0
9 9 1 15
1 0
9 9
1000. 500.
1 0
0 0.0 0
0.0 0.0
0
45 =90 70
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Sample Output

ORIGIA
OF POO

v Po
R Q

normalised antenna gain in @®

NORMAL [ZED ANTENNR GARIK V8, THETR

PH] - 0.

Q

]

3

- L] L
THETA IN DECREES

¢

PN

B-7

. g

8

A
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Sample Output

NORMAL IZED ANTENNR ORIN V8, THETR

PHl =« 30.
l
] 1] ,AI)—“ —m‘\‘\
w0 ( \\
- e / 1 _\ ./”"‘ P
\ 0
/ |
- F 5
| el
]
{
]
-0 - -1e -2 - [N. DQQR[Eg I 1. > - |
{
NORMALIZED ANTEINR QRIN VE. THETH
| PHI =  B0.
| ! 1
-1 ' /[ r-"ﬁ
(F/'J*‘k\\\‘," \\ f/
“x =
=~
-0

- c 8 L
THETA IN DECRECES
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ABSTRACT

A description of the condensation heat transfer process in microgravity is given. A
review of the literature is also reported. The most essential element of
condensation heat transfer in microgravity is the condensate removal mechanism.
Other important features are also pointed out. In this report, two mechanisms for
condensate removal are analyzed by looking into two problems. The first problem is
concerned with film condensation on a flat porous plate with the condensate being
removed by suction at the wall. The second problem is an analytical prediction of
the heat transfer coefficient for condensing annular flows with the condensate film
driven by the vapor shear. It is concluded that both suction and vapor shear can
effectively drain the condensate to ensure continuous operation of the cogdensers
operated under a microgravity enviromment. It is recammended that zero—-g flight
experiments be carried out to verify the prediction made in the present report. The
results contained in this report should also aid in the design of future spéce

condensers.
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INTRODUCTION

Two-phase heat transfer processes have been investigated extensively in the past.
Wwith very few exceptions, these investigations were performed on earth where the
heat transfer processes can be significantly affected or even daminated by the
earth’'s gravity. Research in two-phase heat transfer processes under microgravity
has potentially a very high payoff in many areas of applications, such as in power

generation in space and in spacecraft thermal control and management.

Condensation is the change of phase from the vapor state to the liquid state. It is
accompanied by heat transfer because the latent heat of condensation must be
removed. In film condensation, the liquid condensate formsAa continuous film which
covers the condenser surface. The film usually constitutes the daminant resistance
to heat transfer for latent heat removal. It is therefore essential to drain the
condensate and keep the film as thin as possible. If the condensate is not
effectively removed, the condenser may flood and can lead to a halt in further
condensation of the vapor. In an earth-based condenser design, drainage of the
condenser is typically provided by exploiting the gravitational force. In the
absence of gravity, the condensate can be removed by suction, by surface rotation,

by shear stress due to vapor flow, by capillary pumping or by a mechanical wiper:

Pertinent literature was reviewed and it was found that data from two—phasé heat
transfer experiments with reduced gravity forces is very limited. Siegel (1) has
summarized the work on the effects of reduced gravity on heat transfer up to
November 1966. Eastman et al. (2) have assessed the current status of research in
boiling, condensation, and two-phase flow patterns under reduced gravity. Most of

the experiments on condensing flows under reduced gravity used mercury (a nonwetting
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fluid) as the working fluid (3-5). The experiments were performed on an AJ-2
airplane flying a Keplerian trajectory. The Air Force Flight Dynamics Laboratory
has also performed same experiments on forced convection evaporators and condensers
in straight, tapered, and vortex tubes in zero-g aircraft flights (6, 7). NASA has
also demonstrated that stable condensation can be maintained for zero-g condensation
(8). Experiments in two-phase fluid flow regimes were performed aboard a KC-135
aircraft with air and water as working fluids (9). Preliminary design of flight
hardware for two—-phase fluid research was conducted for NASA-Lewis Research Center
(10). This work may eventually lead to space experiments for liquid reorientation,

pool boiling, and convective boiling with reduced gravity forces.

As mentioned previously, condensate removal is the key to having stable,
steady-state condensation under microgravity. Liquid film removal by suction
through a porous plate or a slot has been suggested {11, 12). Another mechanism is
to create an artificial gravity for condensate removal by surface rotation (13).

For convective condensation, vapor shear can aléo érovide a driving force for moving
the condensate film (14 - 16). In a heat pipe, the condensate is removed from the
condenser section by capillary pumping provided by the wick structure (17). A

mechanical wiper to thin the liquid film has also been suggested (18).

The presence of a small amount of noncondensable gas can lead to a significant
reduction in condensation heat transfer (19, 20). When noncondensable gases are
present, they move with the vapor towards the condensing surface where the vapor is
condensed. Since the gases do not condense, they accumﬁlate in the proximity of the

liquid-vapor interface, forming a gas layer. This gas layer retards the movement of

vapor to the condensing surface.
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It is well known that surface tension or capillary force can be used to thin the
condensate layer, thereby enhancing the film condensation rate (21, 22). This

method of enhancing the condensation rate is also applicable under a microgravity

environment.

The purpose of the present effort is to assess the potential of using suction and
vapor shear to remove the condensate for space applications. It is essential to
have very effective condensers that are capable of providing high heat fluxes with a
small temperature difference. For example, for heat rejection in space, such a

condenser will allow a maximum radiator temperature, resulting in lower weights for

both the radiator and condenser.
CONDENSATION ON A FLAT POROUS PLATE WITH UNIFORM SUCTION

The problem is depicted in Figure 1. Saturated vapor at temperature Ts is situated
above a cooled porous plate maintained at T,» The liquid condensate is being sucked
into the plate with a velocity v (vo<0). Under steady-state conditions, the mass

condensation rate is the same as the condensate removal rate, and the film thickness

§ is a constant.

The energy equation is

a-
—

(1)

|

dT _
.PLC?LVO ‘Xy’ = k

The boundary conditions are




aty =0, 'I‘=TW
y =6, T=T,

The temperature distribution T across the film is given by

T-T, _1-e y/3 (2)
7
T,T, l-e 3
where % - kL _ X,
SLCFL Vo Vo

and kL, fL' cp

thermal diffusivity of the liquid condensate, respectively.

L and OﬁL are the thermal conductivity, density, specific heat and

The condensate film thickness & can be determined t;y an energy balance at the

interface

]

-P Vo \“g k dT ) (3)

It can be shown that

J

0

i

| &

-
~

>
)

—+
p—

]
}
)Sl
r
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b
~—
-+
L)
P
L

(4)
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where Ja = ch (TS - Tw)/hfg is the Jakob number.

For Ja < 0.1, equation (4) can be approximated to within 5% by

S= =2t J, (%)

-]

and, equation (2) can be rewritten as

~yJa /g

A (6)
T.-T { e

The heat transfer coefficient h is given approximately by

i

‘.\ - kL. _ kLVO _ fL. CpL “[O

_— = (7)
) <, Ja | Ja

For condensation of water vapor, if d can be maintained by suction to 0.5 mm, then

the heat transfer coefficient is approximately equal to 1300 W/m?K.

CONVECTIVE CONDENSATION INSIDE A TUBE

The situation is depicted in Figure 2. Consider a vapor at a temperature of Ts

flowing inside a tube with a velocity of u,. The tube wall is kept at a temperature

of T, (T, < T.). The flow regime is very likely to be annular. When the void

fraction becames very low, slug flow and bubble flow may be possible. The vapor
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first condenses on the cooler wall and tends to remain there due to surface tension.
The only kind of instability that may cause transition to slug or bubble flows is of
Kevin-Helmholtz type. These transitions are not likely except when the void

fraction is low.

Assuming the flow regime to be annular, in the absence of gravity, the motion of the
condensate film is entirely due to vapor shear and mamentum transfer due to
condensation. We will solve for the motion of the condensate film but will ignore
the velocity distribution in the vapor phase. A friction coefficient is specified

at the vapor-liquid interface. The approach is similar to the one used in Reference

23.

Assuming the film thickness 4 is small compared to the tube diameter d, and ignoring
the inertia of the liquid, a mamentum balance for a fluid element inside the

condensate film is

bR
/ui__b.t_':-_j"_ﬁ. (8)
|

where/UL is the liquid viscosity, U is the liquid film velocity and p is the

pressure.

Due to friction at the wall, it is expected that the pressure will decrease with z.
There is also a small partial pressure recovery due to the decreasing vapor velocity
caused by condensation. However, the pressure changes are expected to be very small
campared to the absolute pressure. Thus, it is a good approximation to assume the

vapor temperature, vapor density and vapor viscosity to be constant. -
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The velocity v is given by

A R IC R ©

The velocity uLé-at the interface is

W oo = Tgs _ L d_‘iéf
- /,,(_L s iz 2. (10)

In equations (9) and (10), $ is the film thickness, and Z'J is the shear stress at

the vapor-liquid interface.

The liquid Reynolds number Re. is given by

L

I

Re ._.f\_u‘{_,oweg_ fl_ (méi__é_ﬁff) (11)
- Hu poNT 2 dz 3

where Y, is the average velocity of the condensate.

ave

The mass flow of the condensate increases with z due to condensation, and the rate

of increase of ReL is given by

d Re N
/’LL—dz = m_ (12)

-
=
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where l‘hg is the condensation mass flux.

The rate of condensation is determined by the heat transfer rate as the latent heat

must be removed,

R k (Ts —Tw) (13)

Cambining equations (12) and (13),

™ T \
dRey  k(T-T,) | Ja (14)
&Z /LLL'.".a’ 5 ?r; 5

- -

where Ja is the Jakob number and Pr, is the condensate Prandtl number.

Momentum balance for the vapor yields

T
S (15)
z d

This implies that the pressure gradient terms in equations (10) and (ll) are smaller
than the shear stress terms by a factor of 5/d. Since d9/d is very small, one can

simplify the expressions for u s and ReL as
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w =
é
L fLL (16)
2
Re = _J,pi Ty 0
5. /.(.Lz Z (17)

As the vapor condenses, the vapor mass flow rate decreases. Assuming the quality is

unity at the inlet, then

fy + iy =y, as)

where rhV and th are the vapor and liquid mass flow rates at any position z and lhvo

is the vapor mass flow rate at the inlet. From this, it can be shown that the vapor

Reynolds number is

uw,d ‘ t+ Re, \ (19)

where Re is the vapor Reynolds number at the inlet (=?vuvad,'/?v ), and }JR is the
ratio of the viscosity of liquid to that of vapor (= /-‘L/}}lv). Since the vapor

density and viscosity are assumed to be constant,

u, = uvoRe V/ReVO (20)

As mentioned previously, the motion of the condensate is driven by the shear stress
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at the interface.

T, (Cf

2

M )

where the first term in equation (21) is due to the frictional drag between the
vapor and the liquid, and the second term is due to the faster moving vapor

condensing onto the slower moving liquid.

For laminar vapor flow (Rev < 2300), the frictional coefficient is

given by

(CL\ 8
T)E‘ Re (22)

_f is-given by Henstock and

\2

For turbulent vapor flow (Re, > 2300),

—

ln

Hanratty (24),

)(H— g50 F) (23)

!"Lh

/-—

Py

7 \
[Ce™ ,<C
L=

111

where Cf = 0.023 Rev'o'2




f&= fL/fV

¥ = [0.707 re ;/%)%+> + (0.0379 R, 0+9)2-50-4

and ReLF=4ReL

Nondimensionalizing distances and velocities by the tube diameter d and the inlet

vapor velocity Usor respectively,

— Ly — W
u‘v = 7 ul_ =
Uyo ) L{vo
3 (24)
— z - e
d ) d

and defining a nondimensional shear stress M, one can rewrite equations (14), (16),

(17), (20) and (21) as:

Re Ja |
dd - o R (14a)
A \




¥ (16a)

-2
R ™ ?R KQvo é.. (17a)

e = 2

Fr
ﬁv = Rev/ReVO (20a)
and
(P

)

Do _ - pa ! - - \
(Cr\‘ R\VO (Mv_u \l A 3—& = W - (/LL5) (213)

Equations (14a), (16a), (17a), (19), (20a), (21a) and (22) or (23) are used to find

-—

S, Re; ; Re, Gv' GLJ and M as functions of z. The heat transfer coefficient h is

given by kL/a’ . Hence, the Nusselt number is

hd (25)

Nu.‘-_—-——:
|

oﬂ|l'—

From the nondimensional equations, it is clear that the quantities §, Re , Re, G\;,

1 -y - RS . T tet ™ - P ~ .
U sand M are functions of z with Re,yr Ja/Pry , JJR'/“P\ as parameters.
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We will present results only for the case of steam condensing at one atmosphere, (Ts
= 100°C). The wall temperature is assumed to be at either 85°C or 70°C. Two vapor
Reynolds numbers are chosen, namely, 5000 and 50000. The liquid properties are
chosen to be at the average film temperature, 1/2 (Ts + Tw). The values of the

parameters are listed in Table 1.

The film thickness and the vapor Reynolds number for Re = 5000 are plotted as
functions of z in Figure 3. The solid lines are for AT = 159 , while the dashed
lines are for AT = 30°C. The vapor Reynolds number gives an indication of the
amount of vapor that remains at a given z. For AT = {5°C, about 50% of the va?or
for AT=30C

remains at z = 8, while it only takes z = 3 to condense 50% of the vapox;\. It can

also be seen fraom Figure 3 that the film thickness is indeed very small, with

é < 0.01.

Similar results for Revo = 50000 are plotted in Figure 4. However, it takes up to z
= 50 to condense 50% of the vapor with a oT of 15°C. The corresponding condensing

length for a AT of 30°%C is approximately 20.

For Re vo 50000, the vapor velocity GV and the liquid velocity at the interface

u 5 are plotted in Figure 5. Again, the solid lines indicate the results with a AT

of 15°C while the dashed lines are the results with aT = 30°C.




CONCLUSIONS

This report has addressed two possible mechanisms of condensate removal for
condensers operated in a microgravity environment. It is concluded that both
suction and vapor shear can effectively drain the condensate to ensure continuous
operation of the condensers. It is recommended that zero—g flight experiments be
carried out to verify the prediction of the heat transfer coefficient for the case
of convective condensation. The results contained in this report should also aid in

the design of future space condensers.
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Table 1.

Parameters Chosen for Convective Condensation

AT = 15%C AT = 30°%C
25.98
/JR 24.92
YR 1614 1620
Ja 0.02797 0.0559
PrL 1.91
Revo 5000 or 50000 5000 or 50000
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Chronology and Isotopic Geochemistry of Apollo 14 ‘fl
Basalts and Skaerggrd Gabbro, Eastern Greenland

E. Julius Dasch / 5@/7

ASEE/NASA 1985 Summer Faculty Fellow
Final Report
August 1985

1. Apollo 14 basalts

Work completed on Apollo 14 basalts during my first year as a Summer
Faculty Fellow has been presented and published (Dasch, et al., 1985). The
two dates obtained from these rocks comprised the oldest and two of the three
oldest ages (4.1 and 4.3 billion years) known for lunar maria basalts; thus
their ages are important in understanding moon's earliest history.

Owing to the antiquity of these rocks, two more fragments have been dated
as part of my second ASEE/NASA SFF program. The new ages are 3.95 and 4.12
billion years, thus further establishing and amplifying the earlier results
(see attached figures 1, 2 and table 1). This work, although perhaps more
interesting for its chronologic information, was begun as a test of chemical
and petrographic models by Dickinson, et al., (1984). These workers placed
fragments of Apollo basalt into five categories, based on petrologic and
chemical, especially rare—-earth element, composition. Our isotopic studies
were begun in an attempt to determine if the five groups of basalts were
related by age or initial isotopic composition (isotopic composition of lava
at time of extrusion). As figure 3 shows, although a few of the
representatives of the five groups have the same age (T) and/or initial
strontium-isotopic composition (I), within the analtytical uncertainties, most
apparently are unrelated. Petrologic implications of these data will be
published in an appropriate journal.
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2. Skaerg;rd gabbro, Eastern Greenland

Ten samples of plagioclase separated from Skaerggrd gabbro were analyzed
isotopically during my 1984 Summer Faculty Fellowship Program. These data
were presented in an abstract (Dasch, et al., 1985) and are being prepared for
publication. Based on this work, I joined the final (just returned) American
expedition to the Skaergard outcrop, led by A.R. McBirney, University of
Oregon (expenses for this travel were provided by my home institution, Oregon
State University).

About 25 samples of rock were collected for isotopic analysis in an
attempt to: study further the origin of distinctive gabbroic pegmatite: origin
and evolution of layering; age of a coarse-grained ilmenite rock; and to
determine if the three main parts of the intrusion (Layered Series, Marginal
Border Group, Upper Border Group) evolved separately. This work will be
completed during the month of September. Publication of the l4-year restudy
of the Skaergard Intrusion incliding this isotopic work, will be in a series
of papers in a special issue of the Journal of Petrology.

References
Dasch, E.J., Shi, C.-Y., Bansal, B.M., Wiesmann, H., and Nyquist, L.E.,
1985, Isotopic provenance of aluminous mare basalts from the Fra Mauro
Formation: 16th Lunar and Planetary Science Conference, p. 163, 164.
Dasch, E.J., Hoover, J.D., and Kays, M.A., 1985, Qmnipresent

contamination in the Skaergaard Instrusion, Eastern Greenland: Geol. Soc.
America (South-Central Section) Ann. Meetings Program.
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APPLICATION OF COMPUTER IMAGE ENHANCEMENT TECHNIQUES

TO SHUTTLE HAND-HELD PHOTOGRAPHY

DR. BRUCE E. DAVIS
ASEE SUMMER FACULTY FELLOW
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with\tﬁe”adGent.bf“fféé;ent Space Transportation' System Shuttle
missions, photography from hyperaltitudes stands to become an
accessible and convenient resource for scientists and
environmental managers. As satellite products (such as Landsat)
continue to spiral in costs, all but the most affluent consumer
is finding Earth _imagery' from space to be more and more
unavailable. Therefore, the potential for Shuttle photography to
serve a wide variety of users is increasing. However, despite
the popularity of photos from spaée as public relations tools and
report illustrations, little work has been performed to prove
their scientific worth beyond that as basic mapping bases. It is
the hypothesis of this project that hand-held Earth photography
from the Space Shuttle has potentially high scientific merit and
that primary data can De extracted. In effect, Shuttle

photography should be considered as a major remote sensing

information resource.

Space photography is not typically considered equally
comparable to normal satellite scanner systems; While scanners
provide digital data in multiple bands, essentially ready for
processing and analysis by computerized techniques, photography
is thought to be a single-image, relatively narrow and inflexible
sensor that is heavily affected by atmospheric scattering,

particularly in the visible range of the electromagnetic

7-2




spectrum. Consequently, photography from space is not a favored

. . . o 1
imagery format for most scientific research.

There are numerous studies utilizing Shuttle Thand-held
photography (herein referred to as SP) as support imagery, but

there seems to be a paucity of research employing it as the (or

even a) primary data extraction mechanism.2 (In this sense,
primary data refers to information either previously unknown or
as the major evaluation mechanism.) The major exception is the
use of photography for mapping. As a discipline, remote sensing
is engaged in multispectral, multiﬁaﬁd computer-oriented
techniques, basically in discriminating spectral signatures.
There seems to be much more benefit to employing sensors which
give a much larger and more detailed informational content than
does visual, emulsion-based photography, especially in terms of
quantitative data. However, the fundamental problem is in the
perception of SP as a single band image that can, at best, be
manipulated photographically, in the development and printing
stage (dark room processing and analysis). The solutién,
therefore, 1is to render the photography compatible to computer

analysis. The focus of this project has been to that aim.

One of the essentials of color photography is that it has three
chemical layers (emulsions) that have different electromagnetic

sensitivities. The primary colors of the emulsion's responses




are red, green, ‘and blue (in decreasing wavelengths). If each of
the layers can be separated and computerized, then the
photography would be comparable to a multiband digital scanner
system, albeit with 1limited spectral qualities. Fortunately,
color separation is relatively easy with the use of red, green,
-and blue filters. The process involves projecting (or sensing)

the image through each filter separately, obtaining three

monochrome images of wvarying tonal and contrast information.3
Putting the photographs through filters and digitizing them will
thus convert them to computer format. Once in digital form,
numerous manipulations and "tricks" <can extract previously

undetected information.

Four fundamental prefaces are necessary at this point:

1. Computerization of data, particularly imagery, is not a
solution to any problem, only a coﬁvenient assistance. Hence,
production of digital data from SP is not, in itself, necessarily
any more valuable than when left in an eye-interpretétion
format. Because there has been virtually no digitizing of SP in
published literature (none was found in a search) it cannot be
said at this time, aside from hypothesizing, that digital SP data

is highly valuable for most investigations. However, the working

premise is that computerization can offer another dimension to

the standard product.




2. While computers offer highly sophisticated analytical
techniques and can present a very high level of informational
discrimination, there 1is -not always a direct compatibility
between the eye and the computer. That is, the eye operates on a
contrast basis for spatial detection and spectral and albedo
separation, while _computers sense numerical differences as
defined initially by a CRT sensor in terms of tonal variation;:
the two methods may produce similar results, or they may differ
so that either does not necessarily recognize the same
characterization of information. As will be stated, the eye is
not always the best guide as to which imagery versions will
produce good computer information, and vice versa--good computer
products are not always pleasing or even understandable to the
eye. Contrast, then, is relative to the.sensor.

3. Digitization of photography is not particulariy new nor
particularly clever, but for SP it is novel. If computerization
of SP proves to be an original data source (or at least a major
supplemental resource), then a new and potentially wvaluable

product becomes available. This lends itself to the next point:

4. As inferred, most research utilizes technically superior
sensors and associated equipment; apparently there has been

little need of or thought to digital SP. But as world problems




become less and less provincial in nature, there is more and more

demand for world imagery coverage as part of the concerted effort
to understand and resolve global issues. The synoptic
perspective of space-borne imagery offers an ideal platform from
which to sense the manifestations of many problems. However,
along with the indicated rising costs of satellite products,
there is also the physical ayailability factor--digital space
data are becoming less and less available. For example, Landsat
4 imagery is primarily relegated to the continental U.S. because,
unlike earlier Landsats, it does not carry a recorder for
time-delay transmission. Coverage of other parts of the world is
either lacking or in the hands of those few nations which operate
a receiving station. On the other hand, the library of SP 1is
increasing dramatically as missions become more frequent and more
science-oriented. Although SP cannot replace the more versatile
Landsat or SPOT . (or other similar sygtems), its relatively low
cost and high availability, along with its near-global coverage

and potential for digital conversion, may offer an acceptable,

even desirable, alternative. .l

METHODOLOGY

A Gould 1IP8500 Image Processing System, using LIPS software
(Library of Image Processing Software) at the Lunar and Planetary

Institute provided an efficient and rapid mechanism for
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computerizing SP imagery. Using its wvideo camera and
photographic filters, an image (print or transparency) can be
digitized, i.e., reduced to a 512 x 512 pixel format (262,144
pixels for each image). Once saved, the images can be processes
and analyzed in numerous ways, from simple combination to complex
algebraic manipulations.

The basic methodology employed is detailed in an accompanying
tutorial manual prepared as part of this project. Briefly, the
first step is to reduce the image to its primary color components
by the use of filters over the camera lens, thereby producing
three images with distinctive pixel values. If no 1image
displacement has occurred in the process, a given pixel in one
image corresponds to the exact location and pixel of its
counterparts. For example, pixel number 1 of 1image A is

compared to pixel 1 in image B.

The range of pixel value tones varies between O (pure black)
and 255 (pure white). In effect, the technique 1is to chdnge
pixel values without losing the fundamental relationships of each
with all others. Processing and analytical functions used in
this research included addition, subtraction, multiplication,
ratioing, contrast stretching, histogram equalization, principal
component analysis, and their various combinations. These steps

are supported by density slicing and pseudocoloring (artificial
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color assignment--to be discussed). Spatiai filtering 1is

available on LIPS but was not used.

Standard algebraic functions of addition, subtraction,
multiplication, and ratio operate on a pair of images, processing
the common pixel from each with an established algorithm.
Addition and multiplication have constants that can be manually
set to change results. Inherent factors prevent under- and
over-run of values in the 0-255 range. Any pair of images may be

used, so long as they have corresponding pixel coordinates.

Contrast stretching is a process of redistributing the pixel
values of an image over a larger range of the 0-255 scale than
occurs originally so that greater contrast can be achieved. Five
types of stretch are available in L;PS but only two are used
regularly--linear and piecewise linear, both of which allow the
user to select the limits of pixel (or density number--DN) values
that are to be stretched, thereby offering considerable control

over the nature of the resulting image.

Histogram equalization is an automatic (uncontrolled) operation
of spreading the input pixel values so that each DN of the 0-255
range contains an equal number of pixels. The resulting image is

usually excellent in terms of perceivable information, typically

much better than the input image.
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Principal component analysis (PCA) is a rather complex (though
easily produced on LIPS) function which, in effect, constructs
the best, most contrasting image from a set of two to four input
images. Although to the eye the resulting image may be no better
than other manipulations, it may possess superior digital data.

Density slicing and pseudocoloring involves manual selection of
DN ranges (of the 0-255 scale) and assignment of colors to each
segment. The size and color of the slice is determined by the
user, basically in an attempt to 1isolate some feature or
phenomenon. Three "canned" schemes exist in LIPS and others are
constructed easily and interactively. Once created, the schemes
are entered into a "look-up table", or LUT, and can be recalled

and applied to any other image with a single command.

:IPS has several useful analyt
interactively controlled by the operator. A floating cursor
takes individual pixel values and is ideal for sampling features
such as lava flows. Pixel value profiles, from one point: to
another (placement and length controlled by the user), can be
obtained easily and is useful for cross-section sampling. A
controlled box (size and placement) collects encompassed pixels

and reports basic statistics and displays a histogram. All of

these were used in evaluating strengths and weaknesses of various



scenes as well as in gaining new information of selected ground
features. Other support functions of LIPS, such as graphics,
on-screen writing, measuring, etc., can be found in the

accompanying tutorial and in the LIPS manual.

Two elemental approaches to image enhancement and analysis
exist: photographic and algebraic. Photographic techniques
consist of manipulations that conceivably can be performed in the
darkroom, e.g., tonal variations, filter exchange, etc. LIPS can
accomplish such tasks easily and rapidly. For instance, display
of the three images combined into one and application of their
respective filters will produce normal color. Swapping filters
(or more precisely, exchanging images under set color guns) makes
false color renditions. Some features may be enhanced and/or
others suppressed but basically, these operations were largely
unsatisfactory. Therefore, host of ﬁhe work focussed on the

algebraic functions.

The procedure generally employed for complete processing

included the following steps, generally in order (other possible

combinations were found to be non-productive and are not listed):

Digitizing
Contrast Stretch
Histogram equalization

Photographic-style Manipulations




Density Slicing & Pseudocoloring
Addition.
Subtraction
Multiplication
Ratioing
Addition + Subtraction
Addition / Subtraction
Multiplicétion / (Addition / Subtraction)

Principal Component Analysis

Each step could involve changing factor scales to produce
slightly different versions (especially in the contrast
stretching), assignment of different pseudocolor schemes, or
arbitrary combination with other products. The range of

possibilities is enormous.

ANALYSIS AND RESULTS

Rather than attempting a single interpretative objective, the
primary emphasis is on the potential scientific wvalue of SP
computerized image analysis, especially in terms of production of
primary data. Consequently, results tend toward an evaluation of

various techniques and selection of useful imagery manipulation
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versions. Demonstration of the types of information and forms of
analysis is presented as mechanisms in the evaluation. The major

working interpretative goal is the analysis of the island of

Hawaii (The Big 1Island), particularly regarding 1lava flow
information. Several secondary projects were also pursued and
will be discussed toward the end of this report. Both the

methodological interests and Big 1Island interpetation are
discussed together, with emphasis on the former but high interest
on the latter. In this way, it is hoped that the scientific

value of SP and the techniques employed can be shown.

BIG ISLAND

The island of Hawaii, the largest in the Hawaiian archipelago,
is a dynamic landscape. Two active " volcanoes are present,
Kilauea and Mauna Loa, the férmer being perhaps the most active
in the world. There is a wide range of climates and
environments, controlled primarily by the imposing (nearly 4200
meters above sea level) Mauna Kea and Mauna Loa. An extremely wet
windward side (750+ cm of precipitation) contrasts with the very
dry leeward (Kona) side (down to less than 4 cm of rain). As a
consequence, the island presents a variety of environmental
influences on lava flow aging. For example, one the wet side,
the luxuriant vegetation quickly masks flows of recent vintage.

On the Kona side, however, flows of several hundred years age




seems to be relatively new. Also, the elevational effects of
temperature and vegetation result in variations of weathering

even on a single flow.

The complex of factors affecting remote sensing signatures of
lava flows is intriguing and worthy of investigation. Therefore,
a primary intention of the research is to see if flows of
apparent visual sin;ilarity can be separated and if additional
information of their morphology and signature can be gained. 1In
association, other types of Big Island landscapes were examined
to assess SP in interpretation and analy<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>